I. INTRODUCTION
Composite materials are one of the most used materials in the industry nowadays, due to their mechanical properties, combining strength and lightness and because of their reduced price and ease of manufacturing. Most of those materials are manufactured using polymers like epoxy resin matrices as basis adhesive for different reinforcement fibers, such as glass-fiber, carbon-fiber, aramid, etc. The mechanical properties of the final product are strongly dependent on the curing process of the epoxy resins and the cross-linked reinforcement structure, obtained by reaction of the linear epoxy resin with suitable curatives. For these reasons, the estimation of the cure level is crucial during the product development stage to ensure the sustainability of the production quality [1] , [2] . Furthermore, monitoring the cure process is required to predict the mould removal time [3] , [4] .
For the aforementioned purposes, ultrasound has been widely used for components quality inspection [5] , [6] , mainly because ultrasonic sensors offer instantaneous evaluation of the status and do not require a direct contact to the specimen under analysis [7] , [8] . Usually, the ultrasound attenuation [1] , [3] and/or the propagation velocity [2] , [7] are measured for curing state estimation. The techniques based on the measurement of the velocity involve precise timing of the signal propagation; therefore wide signal bandwidth and high signal-to-noise ratio (SNR) are required. Conventional signals do not offer both parameters: pulse signals have wide bandwidth but low SNR; long continuous wave (CW) tonebursts has high SNR but narrow bandwidth and also suffer from abrupt errors in peak estimation, resulting in a low temporal resolution.
The aim of this investigation was to assess the reliability of the monitoring process based on ultrasound velocity measurements of the chemical curing process. For this purpose, we introduce the use of spread spectrum (SS) signals instead of conventional pulse or CW signals. SS signals offer the additional advantage of increased energy and wide bandwidth. Binary spread spectrum signals are of particular interest since are easy to generate and offer significant cost besides allowing the reduction of the size of the test equipment.
In addition, we analyse the different sources of error in the velocity measurements and their influence in the accuracy of the estimates.
II. VELOCITY ESTIMATION PROCEDURE
The speed of ultrasound is related to the elastic modulus and density of the material [1] , [3] , [7] . Due to the fact that changes in resin elasticity will affect the velocity of the ultrasound propagation, it is expected that ultrasound velocity will reflect the state of the chemical process. In order to calculate the ultrasound velocity, cepox, two values are needed: the time of flight of the ultrasonic signal in the material, ToF, and the distance of propagation, Lepox
Estimation of the time-of-flight (ToF) was based on the cross-correlation maximum criteria [9] , [10] , where global signal properties are exploited. Discrete version of the crosscorrelation function xRT [m] can be calculated as 
Unfortunately, due to sampling only rough ToF estimate can be obtained. Sub index DC of ToF in (3) indicates the discrete nature of the estimate. In order to obtain the subsample values of the ToF, interpolation around this maximum location is carried out. As indicated in [10] and [11] , best results are obtained for cosine interpolation
where ToF is the interpolated subsample ToF, fs is the sampling frequency and 0 the center angular frequency of the signal
and  is the phase
Full, subsample interpolated ToF value is the sum of the two estimates .
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An additional measurement should be carried out where transducers were placed against each other with no gap in order to compensate the ToF bias error caused by signal propagation in electronics, cabling and ultrasonic transducers. ToF obtained under these conditions (labeled as ToF0) will be subtracted from ToF values to obtain the final estimation
This ToFcorr is the value used in (1) to obtain non-biased estimate of the ultrasound velocity.
III. RANDOM ERROR ANALYSIS AND ACCURACY ESTIMATION
Statistical sensitivity of the velocity estimation due to random errors in measurements can be calculated as the mean square of the sensitivities of the parameters involved in its calculation [12] . Thus, according to (1) , sensitivity of the velocity estimation (c) will be the mean square of the sensitivities due to random errors in the measurement of the ToF, (cToF), and the thickness, (cL), respectively
Sensitivity due to random errors in ToF measurement can be calculated taking partial derivative of (1) over ToF as
where random errors in the ToF estimation are defined by Cramer-Rao lower error bound [10]  
The signal to noise ratio (SNR) is in this case expressed as the energy to noise power spectral density ratio
where the energy E is calculated as
and the noise power spectral density N0 is estimated using the DFT as
where Navg is the number of averaging cycles taken to obtain better noise spectrum statistics and M the record length. It have to be noted that neither noise nor energy calculation involve the impedance since only the ratio of the last is needed in (12) . The effective signal bandwidth Fe can be calculated as the squared sum of the envelope bandwidth  and the centre frequency f0
where the envelope bandwidth  and the centre frequency f0 are calculated respectively as
and
On the other hand, sensitivity due to random errors in thickness estimation, (cL), can be established in the same way, taking partial derivative of (1) 
The estimation of the standard deviation of the thickness measurement, (L), depends on the measurement procedure. In this case, measurements are carried out by scanner and additionally confirmed on the cured sample by taking micrometer readings. In this experiment both devices have 10 m resolution, L. Thus, the standard deviation of the measurement base estimation using scanner or micrometer is
Finally, regarding the accuracy, subsample estimation of ToF also involves the interpolation bias error (ToF) [10] , [11] . For cosine interpolation, the maximum value of the interpolation bias error can be found [10] as
IV. EXPERIMENTAL SETUP
The experiment setup is shown in Fig. 1 . The test chamber was manufactured to monitor the ultrasound velocity by direct contact of the ultrasonic transducers with the resin mixture. A 2 MHz centre frequency ultrasonic transducer TF2C6N from Dopler Inc. was used for probing signal transmission. It was mounted at the bottom of the chamber. The face of the transducer was protected by a 40 m thin sticky polypropylene tape and coated by silicone grease. Another transducer (5 MHz centre frequency C543-SM from Olympus) was positioned at the top using a 3D scanner [8] .
Distance between transducers (5 mm) was controlled using the scanner Z axis (5 m resolution). Before starting the experiment, the upper transducer was lowered and adjusted by x-y scanning axes tilt mechanism (10 m resolution) to come in full contact with the lower transducer face (confirmation by ultrasound penetration and signal position in time). This position was considered as reference (distance between transducers 0 mm). After raising the transducer and pouring the mixed resin into the chamber, the upper transducer was lowered again to make 5 mm distance to the lower transducer face.
Acquisition of the signals was carried out using universal ultrasonic data acquisition system [13] . Bipolar pulser was used for excitation. Excitation signals were routed for registration using 100:1 divider, with input impedance of 5 k. Signal from the receiving transducer was directly fed to a programmable attenuator. The output of the divider and programmable attenuator were registered with two 10 bit 100 Ms/s ADC channels. Control and data communication to host PC were carried out using high speed USB interface.
It must be noted that the transmitting and receiving transducers have a different centre frequency of operation. Such arrangement of the transducers results in maximally flat transmission response over a wider frequency domain. Transmission response of such transducers arrangement was measured using 0. 
Transmission AC response measured in such way is presented in Fig. 2 . Four signals were chosen to perform the comparison between the accuracy obtained with conventional (pulse or toneburst) signals and proposed Spread Spectrum signals: rectangular 500 ns duration (optimal for 2 MHz) pulse signal (Fig. 3) ; CW 2 MHz toneburst (Fig. 4) and two chirp signals: 0.5 MHz to 5 MHz (best bandwidth, Fig. 5 ) and 0.7 MHz to 3.5 MHz (best SNR, Fig. 6 ).
All excitation signals were rectangular pulses or pulse trains with bipolar ±200 V amplitude. All (except pulse) had 3 s duration so initial energy was the same. Acquisition sampling frequency was set to 100 MHz for the whole experiment. T im e (s ) Fig. 3 . Received signal when rectangular pulse is used for excitation. 
V. RESULTS
Acquired data was used to calculate the ultrasound velocity over entire experiment cycle using (1)- (8) . Estimated velocity values for the whole period of the experiment over curing stages are shown in Fig. 7 . Three states of the chemical linkage process can be separated. Initially, resin is liquid so the velocity (1600 m/s-1750 m/s) is close to that of water. Gelation phase can be identified by rapid change of velocity (1800 m/s to 2500 m/s). Attenuation in this phase was high; therefore a programmable attenuator was used to automatically adjust the level of the signal in order to keep the SNR high. Solidification phase has slow convergence of the ultrasound velocity to 2800 m/s. Attenuation at this phase drops down, so the programmable attenuator was used again to match the signal dynamic range to the ADC input.
Difference between fully cured (elevated temperature for 24 h) and main experiment velocities can be related to the degree of cure (Fig. 8) . Assuming that final cure (100 %) can be assigned to velocity c100 = 2720 m/s and taking the velocity c0 = 1600 m/s as uncured condition (base resin without hardener, 0 %), the degree of cure is calculated as It can be seen in Fig. 8 that the estimation of the degree of cure is significantly affected by accuracy of the velocity estimation. The estimate of the lower error bound for ToF random error obtained using (11) is shown in Fig. 9 . Taking the envelope bandwidth = 1.8 MHz and sampling frequency fs = 100 MHz, the resulting maximum value of the interpolation error (ToFss) according to (20) is 5.5 ps. Comparing this value with the results shown in Fig. 9 (10 ps minimum) it can be concluded that interpolation errors can be neglected. Figure 9 also shows that the lowest random errors are expected for wideband chirp (0.5 MHz to 5 MHz), while worst performance is expected for the pulse signal (because of the lower energy). On the other hand, a significant disadvantage can be seen for CW toneburst signal: there are abrupt ToF estimation errors, which are caused by peak location on neighbouring CW period.
Random errors of the time scale can be neglected taking into account that reference clock oscillator (ASEMPC) have 3 ps jitter. Time scale bias errors are defined by initial frequency stability of the oscillator (10 ppm), oscillator ageing (5 ppm/year) and the ToF being measured. Assuming 15 ps as standard deviation for the time scale bias error (1 year of exploitation) and taking ToF values from the experiment, the expected velocity estimation bias errors are shown in Fig. 10 . Figure 11 shows the results of the total expected errors of the velocity estimation which are influenced by the ToF errors according to (10) . It can be seen that expected errors for SS signals and CW burst are almost six times lower than that for pulse. Results can be predicted since energy of the pulse is low: then ToF estimation errors are higher, so are the ultrasound velocity estimation errors. Another source of the velocity estimation errors is related to the estimation of the propagation path length. Theory on this error source evaluation has been presented in Section III. Figure 12 shows the results of the sensitivity due to the estimation of the epoxy thickness according to (19). The total error for the velocity estimation is obtained combining the previous results according to (9) , as shown in Fig. 13 , where it can be seen that thickness estimation errors prevail. Therefore, difference between the accuracy obtained by different signals is small. Finally, Fig. 14 shows the velocity values for the end of curing with its confidence interval. It can be seen that errors obtained by theoretical analysis, using measured system parameters, are low enough to give the confidence in chemical process monitoring. Value of this research lies in the evaluation of the errors and comparison between different signal types. Future study should account other sources of errors (such as transducers attachment or temperature) so these are handled properly to reliably indicate the process stage.
VI. CONCLUSIONS
In this study, the assessment of the chemical process monitoring using the ultrasound velocity has been carried out. The results indicate that time of flight estimation errors are strongly influenced by the signal energy. The lowest errors are obtained for wideband chirp, so its use is recommended to improve the accuracy and reliability of the monitoring process. The worst performance, due to low energy, is for the pulse signal. CW toneburst has a significant disadvantage: abrupt ToF estimation errors occur are caused by peak location on neighbouring CW period even at significant SNR level.
On the other hand, the difference in accuracy between the signals is small because thickness estimation errors prevail in the final error budget. This study indicates also that the uncertainty in the velocity estimation due to the parameters of the measurement system is low enough to ensure the confidence in the chemical process monitoring.
Further study is needed to assure that other sources of errors are handled properly to reliably predict the end of chemical curing process, especially those concerning the transducers attachment and the temperature monitoring.
